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INTRODUCTION 

Organisms respond to sudden increases in temperature by synthesizing a 
small set of proteins called the heat-shock proteins (hsps) (See Figure I). 
This heat-shock response has been highly conserved throughout evolution, 
not only as a physiological phenomenon, but also at the level of the 
individual proteins. Hsps comprise some of the most highly conserved 
protein families known. The level of amino- acid identity between all 
prokaryotic and eukaryotic hsp70 proteins, for example, approaches 50% 
(95). Hsp families often include constitutive as well as heat-inducible 
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Figure 1 Induction of heat-shock proteins. Logarithmically growing cells were pulse-labeled 
with 3 H- leucine either while growing at normal temperatures (£. coii y 37°C; S. cerevisiae* 25°C; 
D. melanogaster, 25°C) or following a shift to slightly elevated temperatures (£. coli, 50°C, 10 
min; 5. cerevisiae, 39°C t 20 min; D. melanogaster. 36.5°C, 45 min). Total cellular proteins were 
extracted, separated on a 10% SDS-polyacryiamide gel, and visualized by fluorography. Figure 
from (15 la). 
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members., and the constitutive proteins are frequently verv abundant. Their 
roles in normal cellular physiology have recently been the'subject of several 
excellent reviews (56, 79, 98, 273). This review focuses on how the proteins 
in the major hsp families help organisms survive during conditions of stress. 

Historically, three observations suggested that hsps protect cells and 
organisms from stress. First, their induction has the character of an emer- 
gency response, being extremely rapid and very strong. For example in 
Drosophila there are five copies of the HSP70 gene per haploid genome, 
and regulation at the levels of transcription, translation, RNA processing! 
and RNA stability work together to produce a greater than 1,000-fold 
induction of the protein upon heat shock (126, 146, 151, 161, 189, 194, 
199, 285, 288). The complexity of the regulatory mechanisms in place for 
hsp70 suggests that it is vitally important for cells to rapidly accumulate 
this protein during times of stress. Hsp induction in other organisms, while 
not quite as extreme as in Drosophila, shares these characteristics of swiftness 
and specificity. 

Second, hsps are induced at very different temperatures in different 
organisms, but. in each case, the induction temperature reflects stress 
conditions for the organism. For example, thermophilic bacteria induce 
heat-shock proteins when shifted from 95°C to 105°C (202, 261), and arctic 
fishes induce them when shifted from 0°C to 5-10°C (B Maresca, personal 
communication). Organisms induce hsp synthesis when their temperature 
increases above that which is normal for them, rather than at a universal 
temperature threshold. 

Finally, and most compellingly, the induction of hsps correlates with the 
induction of tolerance to extreme heat in a wide variety of cells and 
organisms (142, 180, 188, 218). Hsp induction also correlates with induced 
tolerance to other stressful treatments (e.g. high concentrations of ethanol 
arsemte, or heavy metals) (147, 188, 220, 250). Moreover, the correlation 
is as strong for developmental^ regulated inductions as it is for stress- 
mediated inductions. In yeast, for example, spores and stationarv phase 
cells constitutively express hsps and have high basal levels of thermotoler- 
ance (205, 220, 224). Similarly, germinating wheat seeds constitutively 
express hsps and have high intrinsic thermotolerance (1). Converselv, 
developmental stages in which organisms are unable to express hsps, such 
as the early embryonic stages of Drosophila (53, 93), snails (20), sea urchins 
(230), Xenopus (99), and mammals (177, 269) are characterized by unusual 
thermosensitivity (24). 

The roles of individual hsps in stress protection are beginning to be 
dissected. In Saccharomyces cerevisiae, for example, some hsps are required 
for growth at temperatures near the upper end of the normal growth range 
(e.g. hsp70) (42), others for long-term survival at moderately high temper- 
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arures (e.g. ubiquitin) (62), and still others for tolerance to extreme tem- 
peratures (e.g. Hspl04) (218). Furthermore, different organisms use different 
hsps to respond to similar levels of stress. For example, tolerance to extreme 
stress depends largely upon Hspi04 in yeast, upon hsp70 in Drosophila, 
and upon hsp70, hsp27, and perhaps hspllO in mammals (133, 142, 218, 
240). Understanding the reasons for this diversity in tolerance strategies 
will depend on elucidating how individual hsps function in protecting cells 
from stress. 

The common signal for hsp induction appears to be the presence of 
"abnormal" proteins. Treatments that efficiently induce hsp synthesis in vivo 
also damage or denature proteins in vitro. Thus, exposure to high concen- 
trations of ethanol, sodium arsenite, or heavy metal ions all trigger a heat 
shock-like response (142, 188). Amino-acid analogs and puromycin, both 
of which result in abnormal proteins, are efficient inducers of hsps (83a, 
204). Moreover, intracellular accumulation of foreign proteins, denatured 
proteins, or proteins containing structurally destabilizing amino-acid substi- 
tutions induces hsp synthesis in a variety of cell types (3, 82, 196). 

There are at least two general ways in which hsps might help cells to 
cope with stress-induced damage to polypeptides. First, hsps could promote 
degradation of abnormal proteins. In fact, some hsps have intrinsic pro- 
teolytic activities, and others serve auxiliary roles in proteolysis. Second, 
hsps could reactivate stress-damaged proteins. Several hsps are known to 
function as "molecular chaperones," preventing the aggregation and pro- 
moting the proper refolding of denatured proteins. The features that usher 
some stress-damaged proteins along the degradation pathway and others 
along the renaturation pathway are not currently understood. 

In the sections that follow, we present an overview of current knowledge 
of hsp function in the cellular response to stress. We focus first on those 
hsps involved in degrading damaged polypeptides and later on those involved 
in salvaging them. 

TURNOVER OF ABERRANT PROTEINS IN £. COLI 

The half-lives of most cellular proteins in £. coli are long (ti 2 = 5-20 h) 
compared to the short generation time of the organism (30 rnin). However, 
abnormal proteins (amino-acid analog-containing proteins, truncated polypep- 
tides and some mutant proteins) are recognized and degraded very rapidly (ti, 
= 1-20 min). Rapid degradation of damaged proteins reduces the possibility 
of deleterious interactions between these polypeptides and functional proteins, 
prevents accumulation of insoluble protein aggregates, and releases the amino 
acids contained in nonfunctional polypeptides for synthesis of new, proteins. 
Much of the cytosolic degradation of abnormal proteins in E. coli is 
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accomplished by two proteases, Lon and CIp. Although these enzymes do 
not share sequence similarity, they do have common features. Both employ 
the energy of ATP hydrolysis in protein degradation, and both are consti- 
tuuveiy expressed and induced two- to fourfold by heat (82 T 129, 201). 
They are currently the best candidates for controlling the degradation of 
stress-damaged proteins. 

The Lon Protease 

Lon (also known as protease La) functions as an ATP-dependent protease 
composed of four identical 783 amino-acid subunits. Inhibitor studies and 
mutational analysis of the putative active, site suggest that Lon defines a 
novel class of serine proteases (2, 37, 270, 271). A fairly detailed mechanism 
for the activity of this protease has been proposed (see (83, 158), for 
review). Interestingly, the way in which ATP binding and hydrolysis are 
coupled to the release of proteolytic substrates from Lon is strikingly similar 
to the way in which proteins engaged in chaperoning activities, are thought 
to release their substrates (158). 

Biologically, Lon serves a dual role. In its "specific" role, Lon catalyzes 
the turnover of several key regulatory proteins (for review, see (88, 91)), 
the best-studied being SulA and RcsA. Normally, SuLA synthesis increases 
in response to DNA damage, and it inhibits cell septation. Once the 
damage has been repaired, synthesis of SuLA is repressed, and the protein 
is rapidly degraded by Lon, allowing septation to proceed. In lon mutants, 
SulA levels remain high, and cells become filamentous and die in response 
to UV irradiation and other DNA-damaging treatments. Ion mutants also 
have a characteristic mucoid appearance, resulting from over-expression 
of the cps genes necessary for capsule synthesis. The level of the positive 
regulator of these genes, RcsA, is normally controlled by rapid degradation 
by Lon. 

In its "general" role, Lon promotes the degradation of abnormal proteins. 
Its substrates include canavanine -containing proteins, puromycyl peptides, 
and many missense proteins and nonsense fragments (for review, see (88, 
91)). In fact, it is estimated from studies with canavanine-containing proteins 
that Lon is responsible for roughly half of the turnover of abnormal proteins 
in £. colL 

An interesting paradox exists with respect to substrate recognition by the 
Lon protease. While the protease shows great specificity in catalyzing the 
turnover of "specific" substrates such as SulA and RcsA, it appears to be 
able to recognize almost any protein once the protein has been denatured. 

Lon's preference for abnormal protein substrates, together with the fact that 
it is induced by heat and other stresses, has led to the hypothesis thax Lon helps 
to eliminate proteins that become denatured during stress. Surprisingly, 



however, since Lon mutants are neither temperature-sensitive nor less 
thermotolerant than wild-type cells (S Gottesman, personal communication), 
the role of Lon in stress- tolerance is yet to be determined. 

DnaK, DnctJ, GrpE, GroEL, and GroES 

In addition to Lon, other hsps are important for the ability of E. coli to 
degrade abnormal proteins. In lon~ as well as lon* backgrounds, mutation 
of the sigma factor that controls heat-shock gene expression (a 32 ) results 
not only in decreased expression of hsos, but also in diminished proteolysis 
of some abnormal proteins (7). Moreover, individual mutations in several 
heat-shock genes, dnaK, dnal, grpE, and groEL, cause substantial defects 
in the energy-dependent turnover of abnormal proteins (118, 249). 

Recent work demonstrates a direct interaction between some proteolytic 
substrates, Lon and other hsps. DnaK, GrpE and Lon co-immunoprecipitate 
with a rapidly degraded mutant variant of alkaline phosphatase (234a), 
Furthermore, affinity chromatography with an abnormal chimeric protein 
yields Lon, DnaK, GrpE, and GroEL (235). In the latter study, GroEL and 
DnaK- appeared to bind directly to the proteolytic substrate. Whether Lon 
binds independendy to these proteolytic substrates or interacts with the hsps 
in a larger complex is not known. 

Hsps play a larger role in proteolysis than can be accounted for solely 
by cooperation with Lon. Hsp mutants are more defective than Lon mutants 
in the turnover of abnormal proteins, and overexpression of hsps enhances 
proteolysis of puromycyl fragments even in lon" strains (7, 81, 118, 249). 
Furthermore, DnaK, DnaJ, and GrpE are required for the turnover of certain 
proteins that are not Lon substrates (249). Perhaps hsps cooperate with 
several different proteases to enhance the degradation of aberrant polypep- 
tides. 

Hsps could function completely independendy of proteolytic complexes 
and still have a significant impact on the flux of substrates through the 
various proteolytic pathways of the cell. dnaK, dnal, groEL, groES* and 
grpE mutants all accumulate over-expressed RNA polymerase subunits as 
insoluble aggregates. These same polymerase subunits are rapidly degraded 
in wild-type cells. Perhaps the hsps employ their anti-aggregation activities 
(see chaperone section below) to prevent the subunits from accumulating 
in a degradation-resistant form (A Gragerov, personal communication). 

The studies described above suggest two different ways that hsps like 
DnaK, DnaJ, GrpE, GroEL, and GroES might promote intracellular prote- 
olysis. Both models employ the ability of hsps to function as "chaperones" 
by binding to denatured proteins and preventing their aggregation. On one 
hand, hsps could interact directly with protease complexes, either serving 
to maintain the substrate in a protease-sensitive conformation or stabilizing 
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a more active conformation of the protease itself. In fact, substrates bound 
to GroEL in vitro are maintained in a conformation that is particularly 
sensitive to proteases (157). Alternatively, hsps could function separately 
from proteases, preventing aggregation of unfolded proteins, increasing the 
concentration of susceptible substrates, and thereby indirectly promoting 
proteolysis. 

The Clp Protease 

Experiments assessing the breakdown of amino-acid analog-containing pro- 
teins suggest that approximately 15% of turnover of abnormal proteins in 
E. coli is accomplished by the Clp protease (also known as protease Ti) 
(117). Clp is a 750- kd hetero-oligomer composed of two unrelated types 
of subunits, ClpP and ClpA (for review, sec (158)). The 21.5-kd ClpP 
protein assembles as a dodecameric, cylindrical particle and forms the 
catalytic core of the protease. By itself, ClpP functions in vitro as an 
ATP-independent serine protease capable of degrading peptides and short 
polypeptides. However, the ClpP particle is unable to catalyze the turnover 
of larger protein substrates unless it is associated with ClpA, a protein that 
serves as an ATP-dependent regulator of ClpP. ClpA is an 83-kd ATPase 
that hexamerizes in the presence of ATP prior to association with the 
dodecameric ClpP. ATP is required both for the assembly of ClpA with 
ClpP and for substrate cleavage by the Clp protease. 

Unlike Lon, where native substrates are known, the normal physiological 
role of Clp has been difficult to determine. Cells carrying mutations in 
either clpP or cipA show decreased degradation of ClpA-(3-galactosidase 
fusion proteins, so it is thought that Clp is involved in the turnover of its 
own regulatory subunit (90). ClpA mutants are also defective in the deg- 
\ nidation of test substrates containing "destabilizing" amino acids at their 

N-termini (258). In eukaryotes, these substrates are ubiquitin-tagged and 
then degraded by the 26S protease (see below). There are striking structural 
similarities between the prokaryotic Clp protease and the eukaryotic 26S 
protease (reviewed in (158)). Both are cylindrical panicles composed of 
stacked six-membered rings, and both associate with ATP-dependent regu- 
latory components. That they also appear to recognize some of the same 
substrates suggests that the prokaryoric and eukaryotic proteases are func- 
tional homologs. However, since the physiological relevance of "N-end 
rule" degradation is not yet appreciated (12), this observation does not 
elucidate the biological function of Clp in E. coli. 

ClpP and ClpA belong to distinct, highly conserved protein families 
containing both prokaryotic and eukaryotic members (92, 160). The ClpP 
family includes several plant chloroplast proteins that share —40% amino- 
acid identity and an additional 30% similarity to E. coli ClpP, and ClpP 
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antiserum reacts with proteins from a variety of eukaryotes and prokaryotes. 
ClpA-like proteins (the Clp family) have their greatest similarity in two 
large regions (200-300 amino acids), each centered around an ATP-binding 
consensus sequence (92, 195, 241, 242). The level of amino-acid homology 
in these regions is remarkable: 50-80% identity and an additional 20-40% 
similarity. This protein family is divided into subfamilies based upon the 
organization of the nucleotide-binding domains. In the Clp A subfamily, the 
domains are almost contiguous. In the ClpB subfamily they are separated 
by a large (—120 amino acids) nonconserved spacer, and in the ClpC 
subfamily a smaller (60-70 amino acids) spacer is interposed. 

The ClpA subfamily includes the ClpA protein from E. coli, whose 
function as a proteolytic regulator has been discussed. ClpA proteins are 
not heat-inducible, and £. coli strains carrying clpA mutations are neither 
temperature-sensitive for growth nor less thermotolerant than wild-type cells 
(S Gottesman, personal communication). 

The ClpB subfamily currently includes proteins from bacteria, yeast, 
trypanosomes, and plants. All are strongly heat-inducible. Immunological 
and sequence data indicate that the well-known high molecular weight hsps 
from mammals and yeast are members of this group. Thus, the Clp family 
is also referred to as the hspiOO family (Figure 2; 195). Two proteins from 
the ClpB subfamily, £. coli ClpB and S. cerevisiae Hspl04, have been 
- studied in some detail (280; DA Parsell & S Lindquist, unpublished data). 
Like ClpA, both are ATPases, although they do not appear to interact with 
ClpP or to promote proteolysis in vitro (280; M Maurizi, personal commu- 
nication). Moreover, hsp!04 and clpB mutants have no detectable proteolytic 
defects (197; S Gottesman personal communication). In yeast, for example, 
neither the turnover of short-lived normal proteins nor canavanine -containing 
proteins is affected by disruption of HSP 104. Furthermore, unlike ubiquitin 
pathway mutants, hsp!04 mutants are not hyper-sensitive to amino-acid 
analogs. Mutations in HSP104 and clpB do, however, compromise tolerance 
to extreme temperatures (see HspiOO section below) (218, 242). 

The ClpC subfamily includes proteins from both bacteria (Mycobacterium 
leprae) and plants. The eukaryotic members of this group contain sequences 
at their N-termini that target them to chloroplasts, where ClpP-like proteins 
are synthesized. It seems likely that" eukaryotic ClpC proteins associate with 
chloroplast ClpP homologs and play a role in organellar protein turnover 
(241). 

The newly described ClpX and ClpY proteins of £. coli are truncated 
members of the hspiOO family. They lack the leader, spacer, and first 
nucleotide-binding domain regions of other family members, and have only 
limited homology to the other proteins in the second nucleotide-binding 
domain and the carboxy-terminal regions (89). Nevertheless, like ClpA, the 
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E. coll CipX protein regulates the proteolytic activity of ClpP. In vitro and 
in vivo the ClpX/ClpP complex degrades the lambda 0 protein. Some rapidly 
degraded vir mutants of bacteriophage Mu also appear to be substrates of 
this complex. ClpX is a heat-inducible protein synthesized from the same 
operon as ClpP, but, as is the case for clpP, mutations in clpX do not 
render the cell sensitive to high temperatures. 

The role of the Clp protease in the turnover of stress-damaged proteins 
is unclear. Although the synthesis of the catalytic subunit increases about 
twofold upon heat shock (129), ClpP mutants are not temperature-sensitive 
for growth and do not have increased susceptibility to extreme stress. 
Similarly, no stress-related phenotypes have been observed in regulatory 
subunits (ClpA and ClpX) mutants. Proteins related to the regulatory subunits 
(e.g. Hsp 104) have profound effects on stress tolerance, but the relationship 
between their tolerance functions and the turnover of abnormal protein is 
not apparent. 

The DegP Protease 

One heat-inducible protease plays an important role in helping E. coli cope 
with stress- induced damage in the periplasm. DegP (HtrA) is a 48-kd 
periplasmic serine protease that is strongly heat-inducible and essential for 
growth at high temperatures (152, 247). DegP mutations prevent the turnover 
of periplasmic, but not cytoplasmic, fusion proteins (153, 246), suggesting 
that DegP promotes the turnover of abnormal proteins in the periplasm. 
Thus, although much less is known about DegP than about Lon and Clp, 
it currentiy provides the best evidence for the biological importance of 
proteolysis in stress tolerance. 

TURNOVER OF ABERRANT PROTEINS IN 
EUKARYOTES 

Many proteins degraded in the eukaryotic cytosol are proteolyzed by the 
ubiquitin system (for review, see 61, 108, 114). This complex set of enzymes 
degrades not only abnormal proteins, but also a number of important 
short-lived regulatory proteins, including the plant phytochrome protein Pft, 
mammalian p53, amphibian cyclin and'yeast MATa2 (80, 109, 222, 233). 
Ubiquitin is a small (76-amino acid) abundant protein that is highly conserved 
in eukaryotes. Its role in proteolysis is to serve as a tag, marking substrates 
to be degraded. First, ubiquitin is activated by attachment to an El enzyme 
(ubiquitin activating enzyme) in an ATP-dependent reaction. Activated 
ubiquitin is then transferred to one of a set of E2 proteins (ubiquitin 
conjugating enzymes), and the E2 enzyme catalyzes the transfer of ubiquitin 
to a lysine residue on the protein to be degraded. For some substrates, E2s 
catalyze ubiquitin transfer directly, while for others the action of an additional 
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enzyme, an E3 (ubiquitin protein ligase), is required. Additional ubiquitin 
moieties are subsequently attached to the first, forming a branched array 
that targets the protein for degradation by a multi-subunit ATP-dependent 
protease (26S protease). 

Ubiquitin-dependent protein degradation functions in the stress response 
in two ways. First, some of the key reactions in this pathway are catalyzed 
by heat-inducible proteins (see below). Second, the ubiquitin system 
appears to be responsible for much of the turnover of eukaryotic 
stress-damaged polypeptides. When cultured cells are subjected to a sudden 
increase in temperature, a burst of degradation of "normally long-lived 
proteins is observed (193). The increase in proteolysis coincides with a 
reduction in free and histone-conjugated ubiquitin and an increase in 
multi-ubiquitin-protein conjugates (193). Furthermore, a mutant cell line 
containing a temperature -sensitive El enzyme (ts85) does not respond to 
temperature upshift with increased proteolytic activity and cannot grow at 
high temperatures. 

Ubiquitin 

In a wide variety of eukaryotes, ubiquitin is synthesized as a polyprotein, 
which is subsequently processed into individual ubiquitin units (19, 140, 
190). In every case tested, these poly-proteins are heat-inducible. Genetic 
evidence demonstrates that raising the intracellular concentration of free 
ubiquitin is an important part of the cellular response to stress. Although 
S. cerevisiae polyubiquitin (UB14) mutants grow at wild-type rates over the 
normal range of growth temperatures for yeast, they are more sensitive than 
wild-type cells to prolonged incubations at temperatures just beyond the 
growth range, to starvation, and to amino-acid analogs (62). Ubi4-deficient 
cells, however, are not impaired in their ability to withstand short incubations 
at extreme temperatures. 

In S. cerevisiae, the polyubiquitin gene UBI4 provides the additional 
ubiquitin required by stressed yeast cells. Under normal conditions, ubiquitin 
is synthesized by the UBU, UB12, and UBI3 genes. These genes each 
encode fusion proteins, with an N-terminal ubiquitin and a C-terminal 
ribosomal protein (60), that are precisely cleaved "after synthesis. The 
transient attachment of ubiquitin to the ribosomal proteins seems to facilitate 
ribosome assembly, suggesting that ubiquitin may function as a molecular 
chaperone specific for the protein to which it is fused (60). Ubiquitin's 
chaperone activities may not be limited to ribosomal proteins, as several 
other proteins with ubiquitin-like sequences at their N-termini have been 
discovered in vertebrates (8, 96, 171, 259). Interestingly, the fusion of 
ubiquitin coding sequences to the N-termini of some foreign proteins can 
significantly enhance their expression in E. coli and yeast (31, 54). The 
reason for this is not yet understood, but it is possible that ubiquitin is an 
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hsp that plays a role both in degrading proteins and in chaperoning protein 
folding and assembly. 

Ubiquitin-Conjugating Enzymes (Els) 

The ubiquitin-conjugating enzymes (E2s) catalyze the transfer of ubiquitin 
to proteolytic substrates. Over 30 genes, from a variety of organisms, have 
been shown to encode E2 enzymes (see 114 for review). S. cerevisiae 
contains an essential subfamily of E2 genes, two of which, UBC4 and 
UBC5, encode nearly identical heat-inducible proteins (232). Ubc4/5 function 
is crucial for cell survival under conditions of stress. The ubc4ubc5 double 
mutant is inviable at elevated temperatures and is very sensitive to amino-acid 
analogs such as canavanine. In addition to being induced by high temper- 
atures, expression of UBC4 and UBC5 increases upon exposure to cadmium 
(1 16). The ubc4ubc5 double mutant is hypersensitive to cadmium, suggesting 
that these proteins are also important for the turnover of cadmium-damaged 
proteins. 

The Ubc7 protein is another E2 enzyme that probably plays a role in 
eliminating cadmium-damaged proteins. UBC7 is strongly induced when 
cells are exposed to cadmium, and ubc7 mutants are hypersensitive to 
cadmium (116). Unlike UBC4/5, the expression of UBC7 does not increase 
with heat shock, and UBC7 mutants are not temperature-sensitive. 

Ubiquitin-Protein Ligases (E3s) 

Targeting certain substrates for ubiquitin-dependent turnover requires both 
an E2 and an E3 enzyme. To date, the yeast Ubrl protein is the only E3 
enzyme whose function has been examined genetically (12). Ubrl functions 
as the recognition component for substrates containing "destabilizing" N- 
tenninal residues. UBR1 is not heat-inducible and ubrl mutants are not more 
sensitive than wild-type cells to heat or other stresses. These observations 
suggest that N-end rule recognition does not play an important role in stress 
tolerance. Other as yet undefined E3s may play such a role. Alternatively, 
eukaryotic hsps with chaperoning functions (see below) might serve in an 
E3-like capacity, targeting stress-damaged proteins for ubiquitin-dependent 
degradation (114). 

The 26S Protease 

The enzyme responsible for degrading ubiquitin-tagged substrates is a 
large, multi-subunit ATP-dependent protease (26S protease). This complex 
includes the 20S multi-catalytic proteasome and several other proteins (MW 
35-110 kd) (for review see (108, 209)). One of the high molecular weight 
subunits (S4) of the mammalian 26S protease belongs to a newly described 
family of ATPases (52, 57, 70). S4 also shares weak homology with the 
£. coli ClpA protein in the first ATP-binding region, providing additional 
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evidence that the 26S protease may represent a functional homolog of the 
bacterial CIp enzyme (52). 

Although most of its components are not heat-inducible, the 26S protease 
is clearly important for stress tolerance. Yeast strains carrying a missense 
mutation in the proteasome subunit, prel, show increased sensitivity to both 
high temperatures and amino-acid analogs (100). 

Proteolysis in the Lysosome 

More than 90% of long-lived eukaryotic proteins, and a large fraction of 
short-lived ones, are degraded in a nonselective manner in the lysosome 
(see (18) for review). In cultured cells, however, the stress of serum 
withdrawal doubles the rate of proteolysis of certain long-lived proteins that 
contain a sequence similar to the consensus (K-F-E-R-Q). A constitutive 
member of the hsp70 family binds to this sequence, and may help during 
starvation to target proteins containing this sequence to the lysosome (48). 
Lysosomal proteolysis during starvation may also depend on the ubiquitin 
pathway. Starved ceils that are deficient in ubiquitin pathway components 
have reduced rates of lysosomal proteolysis (94), and anti-ubiquitin im- 
munogold particles decorate lysosornes in electron micrographs (51, 229). 

Proteolysis in the Endoplasmic Reticulum 

Although the enzymes responsible for protein turnover in the ER are not 
known, aberrant polypeptides are rapidly proteolyzed in this compartment 
(125). A member of the hsp70 family, BiP, binds to unassembled subunits 
of multimeric ER proteins and may be involved in their proteolysis. BiP is 
induced by heat shock and by unfolded proteins in the ER (35, 128, 176, 
211). However, experiments have yet to establish a connection between the 
binding of abnormal proteins by BiP and degradation. 

The ubiquitin system may also be involved in protein turnover in the ER. 
An E2 enzyme, ubc6, localizes to the ER membrane, and genetic studies 
suggest it mediates the selective turnover of ER membrane proteins (115). 
The proteasome associates with the ER upon purification (127), and some 
ER membrane proteins appear to be ubiquitinated (256), providing additional 
links between ubiquitin-dependent-proteolysis and ER membrane proteins. 

THE CHAPERONE FUNCTIONS OF HSPS 
Protein Folding 

Hsps are diverse in size and oligomeric composition, yet several have a 
common functional theme — modulating the folding and unfolding of other 
proteins and facilitating assembly and disassembly of multisubunit com- 
plexes. Because a key element of this function involves preventing improper 
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associations, these hsps are often called molecular chaperones (55). A central 
feature of this function is that chaperones do not impart steric information 
to other proteins. Rather, the information that drives the acquisition of native 
structure is contained within the primary amino-acid sequence of the protein 
itself. Chaperones simply facilitate the self-directed folding process. 

The relationship between normal protein folding and the off-pathway 
reactions that occur as a result of heat stress warrants a brief description of 
the forces that govern protein folding (see (68, 98, 122, 123, 185) for 
detailed treatments). 

Electrostatic interactions, hydrogen bonding, and van der Waals interac- 
tions all play important roles in stabilizing the native structures of proteins, 
but the dominant force driving folding is the hydrophobic effect. In aqueous 
environments, hydrophobic side chains cause surrounding water molecules 
to adopt an ordered, lattice-like structure that is entropically very unfavorable. 
Therefore, the first step in the folding of a protein domain, occurring on a 
millisecond timescale, involves the collapse of hydrophobic side chains into 
the "core" of the molecule. This collapse allows these sidechains to interact 
with each other and shields them from the surrounding aqueous environment. 
On the same time scale, units of secondary structure form, primarily a 
helices and (3 sheets. At this stage, the protein has a compact structure, but 
lacks stable tertiary interactions and is thought to resemble the "molten 
globule" state observed in some proteins under very specific, mild denatur- 
arion conditions. The transition from this structure to the final native structure 
generally requires 50 milliseconds to a few minutes (68). While the many 
interactions among side chains in the native structure are enthalpically 
favorable, the conformational restrictions imposed on the polypeptide chain 
make this state entropically less favorable than the unfolded form. The net 
effect of these opposing forces on protein folding is a very small free energy 
of stabilization, for most proteins on the order of 5-15 kcal/mol. 

Although the primary amino-acid sequence contains all the information 
required to generate the final folded structure of a protein, the highly 
concentrated environment of the cell can make this structure difficult to 
attain. At several points during the "life" of a protein, surfaces that are 
buried in the native structure are transiently exposed and are susceptible to 
unproductive, off-pathway associations with other proteins. During synthesis, 
nascent chains are susceptible to such associations before the remainder of 
the protein has emerged from the ribosome. After synthesis is complete, 
individual subunits of oligomeric proteins expose surfaces that will be hidden 
once they assemble with their partners, and proteins destined for other 
compartments traverse the cytosol' and adopt a loosened conformation in 
order to cross organellar membranes. The role of molecular chaperones in 
these processes is to bind and transientlv sequester interactive protein surfaces 
(56, 98). 
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In considering the effects of high temperatures on protein structure, two 
problems are salient. First, intermediates in the initial folding process are 
particularly susceptible to off-pathway interactions and aggregation. For 
example, a variety of foreign proteins aggregate and form inclusion bodies 
when expressed at high levels in E. coli. In most cases, productive folding 
is greatly increased when the growth temperature is lowered (223). Once 
these proteins are properly folded, they are not particularly sensitive to 
denaturation and aggregation. Thus, nascent chains and folding intermediates 
are particularly sensitive to high temperatures. The same susceptibility 
presumably applies to the nascent chains of fully synthesized proteins as 
they traverse intracellular membranes. 

Second, once a protein is folded, localized, and properly associated with 
its oligomeric partners, it remains susceptible to denaturation by extreme 
temperatures and other forms of stress. In vitro studies suggest that the 
melting temperatures of many protein domains are well within the range of 
temperatures achieved during a physiological heat stress. In. the highly 
concentrated protein environment of the cell, hydrophobic side chains ex- 
posed as a protein unfolds will interact with other unfolded proteins or with 
hydrophobic surfaces on proteins that are in the process of synthesis, 
assembly, or transport. Thus, a relatively small amount of denaturation may 
evoke disaster as unfolded protein domains pull covalently attached folded 
domains and oligomeric partners into aggregates. 

To prevent such disasters, molecular chaperones must be present at very 
high concentrations so that unfolded proteins will be more likely to interact 
with them than with other reactive surfaces. Accordingly, as temperatures 
begin to increase, a wide variety of regulatory mechanisms are employed 
to ensure that chaperones are induced as rapidly as possible. This induction 
is quite selective, however, and many chaperones are not induced by heat 
at all. One explanation for this selectivity is that the major heat-induced 
chaperones are generalists. In fact, the hsp70 and hsp60 proteins appear to 
recognize simple structural motifs that are shared by many unfolded proteins 
(65, 79, 135). In some cases, however, there must be more specialized 
requirements since some heat-induced chaperones are quite specific in their 
choice of target proteins. Hsp90 forms stable associations with only certain 
classes of proteins, and chaperones like hsp47 are specific for individual 
proteins (e.g. collagen) (131). In the sections below, we focus on the families 
of heat-inducible chaperones and discuss how they interact with each other 
and how they function to protect organisms from stress. 

Hsp70 

* 

THE HSP70 FAMILY Eukaryotes produce a multitude of proteins in the hsp70 
family. These proteins share —50% amino- acid identity with each other and 
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with the DnaK protein of £. coli (Figure 2). Distinct members are found 
in the ER, mitochondria, and chloropiasts. Others are found in the nucleus 
and cytoplasm, some constitutively expressed, others induced by heat or 
coid; some concentrate in the cytoplasm, others shuttle between the nucle- 
olus, the nucleus and the cytosol. Multicellular organisms contain several 
tissue-specific versions (e.g. the testis-specific hsp70s) (79, 149). For years 
it was thought that the E. coli genome encodes only one hsp70 protein, 
DnaK, which is constitutively expressed and induced by heat. Recently, 
however, two related proteins have been identified. One, Hsc66, shares 
40% amino-acid identity with DnaK. It is found in a bicistronic operon 
with ferredoxin, suggesting that it may play a specific role in chaperoning 
the folding or assembly of this protein (231). The other protein, MreB, 
shares 27% identity with the N-terminal domain of hsp70 and is involved 
in cell division (95). More distantly related members of the hsp70 family 
are being identified in eukaryotes as well (see (66)). 

HSP70 FUNCTIONS AT NORMAL TEMPERATURES Hsp70 proteins bind to Small 
peptides (with a preference for hydrophobic amino acids (65; M-J Gething, 
personal communication), to nascent chains on polysomes (13), to proteins 
that have been targeted to the wrong cellular compartment (16), to certain 
mutant proteins (78), to certain protein subunits that are expressed in the 
absence of their partners (178), and to certain oligomeric proteins in the 
process of assembly or disassembly (46, 76, 216). In binding to these 
substrates, hsp70 proteins participate in a variety of protein folding, unfold- 
ing, assembly, disassembly and translocation processes. For example, one 
hsp70 protein catalyzes the disassembly of clathrin cages (46, 216); another 
facilitates the assembly of proteins in the endoplasmic reticulum (178); 
others facilitate the transport of proteins across membranes, one working 
in the cytosol to maintain the protein in a translocation-competent state, 




Figure 3 A schematic view of cooperation between hsp70 proteins and hsp60 in the import and 
folding of mitochondrial proteins. Two different hsp70 proteins participate in import. One 
(exemplified by the yeast Ssa proteins) keeps the substrate in a conformation that is competant 
for transport across the membrane; the other (exemplified by the yeast Ssc 1 protein) atcepts the 
unfolded protein inside the matrix and passes it to hsp60 for folding. (Figure courtesy of A. 
Horwich.) 
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and others working in the ER or in the mitochondrial matrix to accept the 
nascent chain as it traverses the membrane (See Figure 3; 37a, 40, 47, 184, 
263a). The favored hypothesis that explains the role of hsp70 In these 
processes is that hsp70 binds to hydrophobic surfaces, preventing adventitious 
associations and stabilizing target proteins in a fully or partially unfolded 
state (198). ATP promotes release of the substrate, allowing it to continue 
folding, transport, or assembly (79). 

While hsp70 proteins are similar in their general function of chaperoning 
unfolded proteins, specific functions have evolved for individual family 
members. In some cases, members are dispersed to separate cellular com- 
partments and function uniquely in those locations. Additional specialization 
exists within particular compartments. For example, in the yeast S. 
cerevisiae, two families of hsp70 proteins are expressed in the nuclear/ 
cytoplasmic compartment, the Ssa and Ssb proteins (43, 276). ssa mutations 
cause strong defects in the transport of precursors across mitochondrial and 
ER membranes (47, 184), while mutations in the Ssb proteins do not. Rather, 
szb mutations result in defects in protein synthesis, consistent with a role 
for these proteins in chaperoning nascent chains on polyribosomes (183). 
While the Ssa and Ssb proteins may have overlapping functions, they have 
clearly developed a considerable degree of specialization. 

HSP70 STRUCTURE All of the hsp70 proteins studied to date fold into two 
domains. The N-terminal domain is the most conserved (Figure 2) and 
contains a high affinity ATP-binding site (64, 162). The C-terminal domain 
is less conserved and is responsible for binding substrate proteins and 
polypeptides, perhaps in a manner similar to that of the MHC proteins 
(212a). This organization suggests that hsp70 proteins share a common 
mechanism for using the energy of ATP while recognizing a variety of 
substrates. The two domains are interdependent: ATPase activity is strongly 
stimulated by substrate binding, and the release of substrates is dependent 
upon the nature of the bound nucleotide. Nucleotide binding, substrate 
binding, and phosphorylation alter the conformation, oligomeric structure, 
and ATPase activity of hsp70 proteins ((17, 75, 79, 98, 192, 215, 258a); 
AL Goldberg, personal communication), but a detailed mechanistic descrip- 
tion of how these changes govern hsp70 function is just being formed. It 
is generally thought that ATP hydrolysis is required for the release of 
substrates from hsp70 because an analog of ATP that resists hydrolysis, 
ATP-7-S, does not promote substrate release. However, closer examination 
reveals that, after the addition of ATP to hsp70-substrate-ADP complexes, 
complete substrate dissociation is achieved before stoichiometric ATP hy- 
drolysis can occur. Thus, it now appears that it is the transition of hsp70 
from an ADP-bound to an ATP-bound form that drives substrate release 
(192a). 
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PARTNER PROTEINS Other hsps potentiate certain activities of hsp70 pro- 
teins. The clearest examples come from in vitro analysis of the E. coli 
DnaK protein and involve the hsps GrpE and DnaJ. In the initiation of 
bacteriophage XDNA replication, the \P protein tighdy binds DNA helicase 
and recruits it to the replication origin through interaction with the \0 
protein. The interaction between XP and helicase must be broken for 
replication to proceed. This is accomplished by DnaK in cooperation with 
DnaJ and GrpE. DnaJ and GrpE function to enhance interaction between 
DnaK and the helicase/\P complex and to stimulate the ATPase activity of 
DnaK by promoting ATP hydrolysis and ADP/ATP exchange (reviewed in 
(77, 291)). DnaJ and DnaK also cooperate to promote plasmid PI replication. 
In this case, activation of the PI initiator protein, RepA, proceeds in two 
steps. First, DnaJ binds inactive RepA dimers, targeting them for association 
with DnaK. DnaK then stimulates the dissociation of RepA dimers to RepA 
monomers, the active form of the protein (148a, 277, 278). DnaJ, GrpE, 
and DnaK also cooperate in chaperoning nascent chains on polyribosomes 
in vitro. DnaJ binds to nascent chains co-translationally and arrests their 
folding while the addition of DnaK and GrpE reinitiates folding (104). 

Finally, DnaJ, GrpE, and DnaK cooperate to regulate the expression of 
hsps by controlling the level and activity of the heat-shock regulator cr 32 
(28, 41). Mutations in dnaf, grpE, or dnaK increase the basal synthesis of 
hsps and delay feedback repression of hsp synthesis during adaptation to 
high temperatures. The mutations affect hsp synthesis in three ways: they 
cause enhanced translation of the cr 32 message, reduced proteolysis of o° 2 
protein, and increased transcriptional activity of a 32 protein (30, 248, 257). 
In vitro, DnaJ and DnaK bind cr 32 directly and, together with GrpE, 
specifically suppress o° 2 -directed transcription (72, 145). It is not yet clear 
how these hsps affect a 32 degradation and translation. Given their capacity 
to interact directly with cr 32 , they may enhance presentation of a 32 to the 
degradative machinery and interfere with translation of the a 32 message by 
interacting with cr 32 nascent chains. Because DnaJ and DnaK also bind 
denatured proteins, an increase in denatured substrates • after shift to high 
temperatures may recruit the chaperones away from cr 32 , thereby inducing 
hsp synthesis. As the hsps accumulate, rebinding to cr 32 would provide an 
elegant mechanism for feedback regulation (28, 41, 248). 

It is likely that eukaryotic hsp70 proteins function with DnaJ and GrpE 
homologs. Eukaryotic cells contain at least one GrpE homolog (K Palter, 
personal communication) and a whole family of DnaJ-related proteins tar- 
geted to various cellular locations (21, 32a). Deletions of the yeast DnaJ 
homolog, YDJ1, retard growth at 30°C and prevent growth at 37°C. Ex- 
pression of the £. coli DnaJ protein suppresses the growth defect of the 
ydjl cells at 30°C. Moreover, purified Ydjl protein stimulates ATP hydrol- 
ysis by hsp70 (32). 
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HSP70 FUNCTIONS IN STRESS TOLERANCE IN vitro In only two cases have 
stress- specific functions of hsp70 been studied in detail in vitro. The pioneering 
study examined the effect of DnaK on the denaturation and aggregation of 
RNA polymerase (RNAP) at 42°C (237). DnaK is able both to protect RNAP 
from inactivation by high temperature and to reactivate previously heat-dena- ... 
tured RNAP, but the two processes appear to be mechanistically distinct. For 
protection, ATP is not required, and a mutant protein encoded by the DnaK 756 
allele is functional. For reactivation, ATP is required and DnaK 756 protein is 
not functional. In these experiments, a remarkable 60-fold molar excess of 
DnaK to RNAP was required for reactivation. Recendy, DnaJ and GrpE have 
been shown to improve the efficiency of DnaK in this reaction (C 
Georgopoulos, personal communication). 

The effects of hsp70 on the denaturation and refolding of firefly luciferase 
in vivo and in vitro currently provide the most detailed picture of hsp 
function in stress tolerance (228). Luciferase expressed in E. coli is rapidly 
inactivated when cells are shifted to 42°C, but is reactivated when cells are 
returned to 30°C. Inactivation occurs in either the presence or absence of 
DnaK, DnaJ, or GrpE, but all three proteins are required for reactivation. 
In vitro, reactivation of heat-denatured luciferase requires the presence of 
DnaJ during the initial heat-denaturation step. The protein suppresses ag- 
gregation of luciferase by forming a complex. Once DnaJ has bound to the 
denatured substrate, DnaK and GrpE promote the release of refolded lucif- 
erase by a mechanism that is dependent upon ATP. Luciferase refolding is 
achieved with high efficiency at nearly stoichiometric concentrations of 
DnaK, DnaJ, and GrpE. In contrast to the RNA polymerase studies (described 
above), DnaK alone is completely ineffective in reactivation, even when 
present at a 100-fold molar excess. 

HSP70 FUNCTIONS IN STRESS TOLERANCE IN vivo In most organisms, hsp70 
proteins are among the most prominent proteins induced by heat (Figure 1), 
and early experiments showed a close correlation between the induction of 
these proteins and the induction of tolerance to high temperatures (142, 144, 
250). When the role of hsp70 in chaperoning unfolded proteins at normal 
temperatures first became apparent, a role in chaperoning proteins damaged 
by stress seemed a natural and logical extension (198, 215). It is now clear 
that the heat-inducible forms of hsp70 do play a central role in stress 
tolerance, by promoting growth at moderately high temperatures and/or 
protecting organisms from killing at extreme temperatures. The importance 
of hsp70 in stress tolerance, however, varies to a surprising degree in 
different organisms. 

E. coli Deletion of the E. coli dnaK gene is not lethal, although it severely 
reduces the cellular growth rate at 30°C and eliminates growth both at high 
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(40°C) and at low (11-16 C C) temperatures (29, 160a). Consistent with the 
role of DnaK in hsp regulation, dnaK~ strains strongly over-express other 
hsps. Most suppressors of the 30°C growth defect map to a 32 and reduce 
hsp over-expression, suggesting that the major function of DnaK at 30°C 
is to downregulate the expression of other hsps (30). These suppressors do 
not, however, potentiate growth at higher temperatures, where the general 
chaperone functions of DnaK presumably assume greater importance. Sur- 
prisingly, dnaK mutations have only a very modest effect on induced 
tolerance to extreme temperatures. Mild pre-treatments (42°C for 5 min) 
dramatically increase survival at 50°C, but they do so to nearly the same 
extent in wild- type cells and in dnaK mutants (B Bukau, personal commu- 
nication). Instead, two mechanisms appear to provide tolerance to extreme 
temperatures in E. coli, one involving proteins under control of the stationary 
phase regulator, cr s , and the other involving other hsps (B Bukau, personal 
communication; 106, 242, 237). These mechanisms are only beginning to 
be characterized. 

S. cerevisiae As discussed above, yeast cells express three heat- inducible 
nuclear/cytosolic hsp70 proteins, which form an essential complementation 
group with a constitutive hsp70 protein. Eliminating all three heat-inducible 
genes prevents growth at moderately high temperatures (37°C), but does 
not cause any defect in survival at extreme temperatures (50°C), either with 
or without a tolerance- inducing 37°C pretreatment (276). These mutations 
reduce survival at high temperatures only when they are combined with 
mutations in the yeast HSP104 gene, which encodes the major protein 
responsible for thermotolerance in yeast (219; see below). Thus, as seems 
to be the case in E. coll, the heat-inducible hsp70 proteins of 5. cerevisiae 
are primarily responsible for helping cells cope with the stress of growth 
at moderately high temperatures, rather than for helping them survive 
extremes. 

D. melanogaster In contrast to E. coli and S. cerevisiae, hsp70 appears 
to be the major protein involved in tolerance to extreme temperatures 
(40-42°C) in Drosophila. Here, hsp70 is amplified in the genome and 
regulated by temperature to an unusual degree. As discussed earlier, hsp70 
is virtually undetectable at normal temperatures (25°C) and is induced 
1000-fold upon heat shock (37°C) (265). Cell lines transformed with extra 
copies of the wild-type hsp70 gene accumulate hsp70 at a faster rate than 
wild-type cells when shifted to 37°C and acquire tolerance to more extreme 
temperatures at a faster rate. Cells transformed with hsp70 antisense genes 
accumulate hsp70 at a slower rate and also acquire tolerance more slowly 
(240). The antisense gene-containing cells also overexpress all other hsps 
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at 37°C, confirming the importance of hspTO in regulating the heat-shock 
response (41, 49), and suggesting that other hsps cannot compensate for 
hsp70 in providing thermotolerance. When hsp70 was expressed from a 
heterologous promoter at 25°C, without the induction of other hsps, it was 
sufficient to provide tolerance to direct exposure to 42°C. This result 
indicates that hsp70 induction alone is sufficient for thermotolerance in 
Drosophila cells (240). More recently, these observations were extended to 
the organismal level using fly strains that carry twelve extra copies of the 
wild-type HSP70 gene (274). The acquisition of thermotolerance in early 
embryos of these strains parallels the increase in hsp70 expression, demon- 
strating that the accumulation of hsp70 is a rate-limiting step in the 
acquisition of thermotolerance (274). At this stage in development, the 
embryo is a complex assemblage of more than 10,000 cells. The significant 
increase in thermotolerance resulting from overexpression of hsp70 suggests 
that it may be possible to alter the intrinsic thermal resistance of complex 
multicellular organisms by deliberate genetic intervention. Surprisingly, 
however, the transgenes do not increase survival in older embryos. This 
might be due to a failure in expression of the transgene in some critical 
tissue or to the fact that other tolerance factors become rate-limiting at later 
stages (274). 

A novel mechanism for controlling the activity of hsp70 was discovered 
in these thermotolerance experiments. Although tissue culture cells express- 
ing hsp70 from a heterologous promoter displayed high levels of heat 
tolerance, they stopped growing (59). After several days of continuous 
induction, growth resumed, accompanied by the sequestration of hsp70 into 
large granules. Similar granules appear in wild-type cells ~- 12 hrs after a 
standard heat shock, and this sequestration parallels the loss of thermotoler- 
ance. Granules also appear in wild-type six-hour embryos within a few 
minutes of recovery from mild heat-treatments, and this sequestration of 
hsp70 correlates with a remarkably rapid loss of thermotolerance (M Welte, 
J Feder & S Lindquist, unpublished observations). Apparendy, although the 
heat-inducible form of hsp70 is beneficial for survival during exposure to 
high temperatures, it is detrimental for growth and cell division (59). In 
early embryos, which have rapid rates of cell division, the rapid inactivation 
of hsp70 by sequestration into granules may be essential for the resumption 
of normal development after heat shock. Toxic effects of hsp70 on growth 
may also explain two puzzling observations. First, nurse cells provide the 
oocyte with hsp90 and small hsps but not with hsp70 (289). Second, in 
very early embryos (0-3 hr), which have the highest known rates of nuclear 
division of any eukaryote, hsp70 cannot be induced by heat shock (53, 93). 
Thus, there is a complete absence of hsp70 in 0-3 hr embryos/ During this 
period, embryos are extremely sensitive to heat, suggesting that the detri- 
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mental effects of hsp70 on cell growth outweigh the risk of death from the 
toxic effects of heat. Thus, engineering heat tolerance during particular 
stages of development will require a deeper understanding of the effects of 
hsps on normal cells. 

Vertebrates The role of hsp70 in induced thermotolerance has been studied 
extensively in vertebrate cells (97, 191). Some data must be cautiously 
interpreted since constitutive expression of hsp70 was altered in many 
experiments. Given the role of hsp70 in regulating other hsps, a difference 
in constitutive hsp70 expression might have pleiotropic effects. Moreover, 
a few reports contradict the general trend and suggest that hsp70 is not 
required for thermotolerance (reviewed in (33)). However, the many different 
approaches that indicate a role for hsp70 in thermotolerance provide a 
compelling argument. Contradictory reports are likely due to the existence 
of additional tolerance mechanisms in some cells. 

Support for the role of hsp70 in thermotolerance in vertebrates includes: 
(a) In several different cell types exposed to a wide variety of tolerance- 
inducing treatments, closer correlation exists between the induction of 
thermotolerance and the accumulation of hsp70 than exists for the accumu- 
lation of any other hsp (142, 144); {b) The selection of heat-resistant ceil 
lines by hyperthermic treatments yields cells that over-express hsp70 proteins 
(4, 138); (c) Microinjection of antibodies against hsp70 prevents survival 
of fibroblasts at 45°C, while microinjection of control antibodies has no 
such effect (212); (d) Microinjection of mouse oocytes with hsp70 mRNA 
increases their capacity to survive short heat shocks (103a); (e) Transfor- 
mation of rat cells (143) and monkey cells (5) with constitutive ly expressed 
human hsp70 genes dramatically increases thermotolerance. 

In the last case (143), a careful two-dimensional analysis of total cellular 
proteins demonstrates that increased basal expression of hsp70 is the only 
substantial alteration in the protein profile, making this study the most 
convincing demonstration of the importance of hsp70 in mammalian ther- 
motolerance. In a surprising extension of these studies, deletion of most of 
the highly conserved N-terminus of hsp70 did not impair its capacity to 
provide thermotolerance, suggesting that this domain is not required for 
thermotolerance. However, the effects of the mutant protein on the expres- 
sion of other proteins at normal temperatures were not examined. Because 
similar mutations in the Drosophila hsp70 protein upregulate the expression 
of hsps (240), the induction of endogenous hsps by the exogenous mutant 
hsp70 may account for thermotolerance in these cells. 

While we have learned a great deal about the general biochemical activities 
of hsp70 and its importance in protecting organisms at high temperatures, 
we still have not defined the critical biological processes that are protected 
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by it at high temperatures. By immunofluorescent localization, eukaryotic 
hsp70 concentrates at membranes, in nuclei, and in nucleoli (198a, 264a, 
273a). This pattern is consistent with other observations that suggest that 
hsp70 is particularly important in these locations: (a) Members of the yeast 
hsp70 family that are both constitutive and heat-inducible promote the 
translocation of proteins across mitochondrial and ER membranes (37a, 47, 
184, 268a); {b) Purified hsp70 repairs heat-induced damage to some nuclear 
functions (e.g. mRNA splicing) in yeast cell-free systems (J Vogel, S 
Lindquist, unpublished); (c) Constitutive expression of Drosophila hsp70 
accelerates the recovery of nucleolar morphology after heat shock (137a, 
197a). Because heat shock has a plethora of deleterious effects on cellular 
morphology (188), it is unclear which of the many targets of hsp70 action 
are the most critical for survival at high temperatures. 

Hsp6Q (GroEL, Chaperonin-60) 

HSP60 CONSERVATION AND STRUCTURE Hsp60 proteins are found in the 
cytosol of bacteria (where they are known as GroEL proteins), in the matrix 
compartment of mitochondria, and in the stromal compartment of chloro- 
plasts (where they are known as chaperonin-60 proteins) (56, 98, 155). 
GroEL is one of the most abundant proteins in the cell at normal temper- 
atures, accounting for 1% to 2% of total protein, while hsp60 accounts for 
-1% of mitochondrial matrix protein. All of these proteins share nearly 
60% amino-acid identity along the entire length of the protein (103, 208; 
Figure 2). Most share a common oligomeric structure, a "double doughnut" 
of two seven-membered rings (56, 105, 165), while the mitochondrial protein 
forms a single seven-membered ring (267a). Hsp60 has an ATPase activity 
that increases with temperature, and the binding of ATP induces a major 
conformational change in the structure of the oligomer (217 , 260). 

Hsp60 functions are strongly dependent upon another heat-inducible 
protein, hsplO (also known as GroES or chaperonin-10). Like the hsp60 
proteins, hsplO proteins are found in bacteria, mitochondria, and chloroplasts 
(56, 98). Moreover, the hsplO proteins also form homo-oligomeric ring- 
shaped particles, in this case, single, seven-membered rings (34). The hsplO 
particle binds to one end of the" hsp60 particle and regulates its ATPase 
activity and substrate associations (137, 217). 

HSP60 FUNCTIONS AT NORMAL TEMPERATURES Hsp60 binds unfolded pro- 
teins and promotes their folding. This function has been analyzed with a 
variety of substrates in vitro, and several common features can be distilled. 
Hsp60 shows litde or no affinity for native proteins, but when urea- or 
guanidine-denatured substrates are diluted into physiological buffers, it 
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captures them with high efficiency. While bound to hsp60, the denatured 
substrates acquire elements of secondary structure (134, 157), but the 
development of tertiary structure is inhibited. Thus ; proteins associated with 
hsp60 are highly sensitive to proteolytic digestion and expose hydrophobic 
residues that are buried in the native structure (157). In most cases, hsplO 
(GroES) and ATP are required for further folding of the substrate protein 
and release from hsp60 (85, 131, 157, 267). In other cases, however, the 
addition of nonhydrolyzable ATP analogs is sufficient (267). It is unclear 
why some substrates require hsplO and hydrolyzable ATP, whereas others 
do not. 

Hsp60 is sometimes described as a catalyst of protein folding, but this 
description misrepresents its function. One hsp60 particle will promote the 
folding of many substrate molecules, fulfilling the multiple turnover require- 
ment of a catalyst (157). However, while hsp60 enhances the yield of folded 
protein, it does not generally enhance the rate of folding. In fact, in most 
cases, hsp60 markedly reduces the rate of folding. For folding in vivo, 
reductions in the rate of folding due to transient association with hsp60 
should be insignificant, given the length of time required for translation in 
the first place. The increased yield of folded protein is of far greater 
importance in the highly concentrated environment of the cell (56, 98, 155). 
In keeping with their central roles in protein folding, both the bacterial and 
the mitochondrial hsp60s are essential for growth at all temperatures (36, 
58, 208), as is the bacterial hsplO (58). 

Mitochondria provide a particularly valuable system for studying the 
physiological functions of hsp60 because the posttranslational import of 
proteins into mitochondria naturally separates synthesis from folding. In 
yeast, temperature- sensitive (ts) mutations in hsp60 result in the misfolding 
and aggregation of a wide variety of oligomeric matrix proteins, including 
FpATPase and ornithine transcarbamlyase, at the nonpermissive temperature 
(36, ill). The role of hsp60 in the assembly of oligomeric proteins appears 
to be in the production of assembly-competant monomers (reviewed in (98, 
155)). 

HSP60 FUNCTIONS IN STRESS TOLERANCE The importance of hsp60 for protein 
folding in vitro is strongly temperature-dependent. When urea- or guani- 
dine-denatured Rubisco is diluted into physiological buffer, the protein 
aggregates, and; unless hsp60 is present, little or no active enzyme is formed 
at temperatures above 25°C. At lower temperatures, however, the recovery 
of active enzyme increases. Below 10°C complete activity is recovered in 
the absence of hsp60 (85, 268). Similarly, urea-denatured rhodanase is 
dependent upon hsp60 and hsplO for refolding at 37°C at high concentrations, 
but virtually independent of the chaperones at lower concentrations and 
temperatures (167, 168). 
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In yeast mitochondria, hsp60 associates with a wide variety of proteins 
at high temperatures. This association presumably prevents protein aggre- 
gation and promotes refolding when ceils are returned to lower temperatures. 
Indeed, when dihydrofoiate reductase (DHFR) is provided with a signal 
sequence for mitochondrial import and expressed at normal temperatures, 
hsp60 is required to prevent inactivanon of previously synthesized enzyme 
when cells are shifted to high temperatures (156). Hsp60 also prevents the 
aggregation of proteins that denature at physiologically relevant temperatures 
in vitro. DHFR and a-glucosidase denature between 40-45°C and form 
irreversible aggregates. When hsp60 is present during heating, however, 
aggregation of these proteins is suppressed through the formation of binary 
complexes. When the temperature is reduced, active enzyme can be recovered 
upon addition of hsplO and ATP (110, 156). 

Overexpression of hsp60 (GroEL) in £. coli suppresses a variety of 
conventional, temperature -sensitive (ts) mutations (264), probably by pre- 
venting the aggregation of mutant proteins that unfold at high temperature 
and by facilitating their refolding. Less conventional, temperature-sensitive- 
folding (tsf) mutations in two different bacteriophage P22 proteins behave 
differently with respect to rescue by hsp60. When expressed and allowed 
to fold at low temperatures, several mutant P22 tailspike proteins are stable 
at high temperatures (melting temperatures > 82°C). However, these same 
proteins misfold and form inclusion bodies when expressed in vivo at 
37-42°C. Their temperature- sensitive phenotypes are due to the increased 
tendency of the mutant proteins to go off-pathway during synthesis or folding 
(286). GroEL is capable of interacting with these mutant tailspike proteins, 
but it does not improve the yield of properly folded protein in vitro and 
provides only a minor increase in yield in vivo (26; S Sather & J King, 
personal communication). On the other hand, a large number of tsf mutations 
in the P22 coat protein are rescued by* GroEL. The plating efficiency of 
phage carrying these mutations is increased by five orders of magnitude at 
40°C in hosts that overexpress both GroEL and GroES (87; J King, personal 
communication.) Tsf mutations are uncommon, perhaps because ts mutations 
in structural oligomeric proteins have been little studied. In any case, 
determining why one class of tsf mutations is affected by GroEL, while 
another is not, will likely provide important insights into the specificity of 
hsp60 functions in vivo. 

The GroEL protein is strongly induced by heat, increasing to a remarkable 
10-15% of total cellular protein (182). (The organellar proteins are also 
induced by heat but to a lesser degree, increasing two- to threefold (164)). 
Consistent with the central role of GroEL in protein folding, this increase 
in GroEL concentration is essential for growth at high tempdratures. An E. 
coli strain carrying a deletion in the cr 32 gene cannot induce hsps or grow 
above 20°C (130). Second-site suppressors of this defect map primarily to 



463 PARS ELL & LINDQUIST 



the groEL (hsp60) promoter. Over-expression of GroEL alone permits growth 
at temperatures up to 40°C in the a 32 mutant. (For growth to 42°C T however, 
over-expression of DnaK is also required.) Whether hspoO plays a significant 
role in protecting cells from short exposures to more extreme temperatures 
is unknown. However, in the many cases tested, GroEL is unable to promote 
renaturation and refolding of previously aggregated proteins. 

COOPERATION BETWEEN DNAJ, HSP70 AND HSP60 A major revelation of recent 
work is that DnaJ, hsp70, and hsp60 can work together to provide a pathway 
for protein folding. Both hsp70 and hsp60 are required in mitochondria for 
the translocation of proteins into the organelle and for their assembly into 
functional complexes (see Figure 3). Hsp70 keeps the proteins unfolded as 
they enter the organelle, maintaining them in a state that is competent for 
transfer to hsp60 (184). In turn, hsp60 promotes the folding and assembly 
of these proteins into oligomeric structures (98). 

In vitro studies with urea-denatured rhodanese also point to an ordered 
series of interactions with substrates during folding. First, DnaJ binds the 
unfolded protein and stabilizes its interaction with DnaK. GrpE then couples 
the ATP hydrolysis by DnaK to transfer of the substrate to GroEL and 
GroES, which, in turn, promote productive folding and release of native 
substrate (56, 136). 

TF55/TRiC 

THE TF55 PROTEIN The central role that hsp60 proteins play in protein 
folding and stress tolerance in bacteria and in eukaryotic organelles begs 
the question: what protein(s) provide these functions in the cytosolic and 
ER compartments of eukaryotes? One answer has come from an unexpected 
source. In the thermophilic archaebacteria Sulfolobus shibatae, high temper- 
atures increase the expression of a single 55-kd protein, TF55 (261). The 
oligomeric structure of TF55 is similar to that of hsp60, consisting of two 
stacked nine-membered rings. Other species of archaebacteria contain similar 
particles that are abundant at normal temperatures and strongly induced by 
heat (e.g. a shift from 100°C to 108°C). For example, particles purified 
from Pyrodictium occultum consist of stacked eight-membered rings con- 
taining two polypeptides of 56 and 59 kd in a 1:1 ratio. Detailed structural 
analysis of this particle by conical tilt electron microscopic reconstruction 
reveals striking similarity to hsp60 on both its front and side faces, although 
the central cavity of the archaebacteriai particle is larger and could presum- 
ably accommodate larger polypeptides (73, 202, 217 , 260). Both of the 
archeabacterial particles have intrinsic ATPase activities comparable to that 
of hsp60, and like hsp60, these activities increase with temperature over 
the physiological range where they function (202, 260). 
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The TF55 particle shares at least one other important characteristic with 
the hsp60 particle, an ability to bind to a wide variety of denatured proteins 
(260; J Trent, personal communication). However, unlike hsp60, TF55 has 
not yet been shown to facilitate the folding of any denatured substrate, 
perhaps because an essential cofactor analogous to hsplO has yet to be 
identified. As expected for a general chaperone, the TF55 protein is very 
abundant at normal temperatures and is envisioned to play a central role in 
normal protein folding. Furthermore, TF55 is almost certainly the central 
protein involved in thermotolerance in Sulfolobus, Unlike eubacteria and 
eukaryotes, which strongly induce 5-15 proteins in response to high tem- 
peratures, Sulfolobus produces only TF55. The induction of this protein is 
closely correlated with the induction of tolerance to otherwise lethal tem- 
peratures (261). Unfortunately, methods for creating site-directed mutations 
are not yet available in Sulfolobus, preventing a direct genetic test of this 
hypothesis. 

TRiC A possible candidate for a cytosolic hsp60-like chaperone was revealed 
in a search of the Genbank database with the TF55 sequence. A high level 
of homology (40% amino-acid identity) was observed between TF55 and a 
group of cytosolic proteins previously identified in yeast, Drosophila, and 
mammals. These proteins are known as the T-complex proteins, or TCPs, 
because the mammalian proteins are encoded within the murine T-complex. 
The TCP proteins also form double ring-shaped particles (TRiC = TCP 
containing ring complex), whose front and side views resemble those of 
hsp60. The composition of these panicles is more heterogeneous, however, 
consisting of at least several different proteins in the 52-65 kd range (71, 

141, 177a). Notably, all of these proteins show a low, but convincing, level 
of amino-acid sequence homology with the hsp60 family of proteins (90, 

141). 

Disruption of the TCP1 gene in yeast- is lethal. A cold-sensitive mutant 
produces anucleate and multinucleate cells at the nonpermissive temperature 
and displays aberrant microtubule staining (263). Temperature- sensitive al- 
leles cause arrest at the G2-M stage of the cell cycle and are defective in 
spindle biogenesis (170). These phenotypes suggest a role for TCP in 
microtubule metabolism. Indeed, TRiC chaperones the folding of tubulin in 
vitro, in a manner that closely resembles that of hsp60 (232). Purified TRiC 
can also chaperone the folding of purified, denatured tubulin in vitro (71). 
The release of folded tubulin from purified TCP requires additional protein 
factors (74). These factors have not yet been characterized, but it is tempting 
to speculate that they function with TRiC in a manner analogous to the way 
in which hsplO functions with hsp60. 

Whether TRiC plays a general role in chaperoning protein folding in the 
eukaryotic cytosol of a magnitude comparable to that of hsp60 in bacteria 



and organelles is still a matter of controversy. TRiC does promote the 
folding of actin (73), denatured luciferase (71), and the phytochrome 
photoreceptor (177a) in vitro in an ATP-dependent manner. However, one 
laboratory that has successfully employed TRiC to fold tubulin and actin 
reports that TRiC is unable to facilitate the folding of several other denatured 
test substrates, including cyclin B, H-ras, cap-binding protein, and a and 
(3 globin. In fact, TRiC does not even form a binary complex with these 
denatured substrates (74). Another argument against a central role for TRiC 
in general protein folding is its low abundance in most cell types. However, 
recent improvements in the purification of TRiC suggest it is of greater 
abundance than initially supposed (A Honvich, personal communication; 
see also 177a). Finally, while GroEL and TF55 are strongly induced by 
heat, TRiC proteins are not. There is as yet no suggestion that the TRiC 
plays a role in eukaryotic stress tolerance. 

Hsp90 

THE HSP90 family Members of the hsp90 family are present in the 
cytosolic/nuclear compartment of all eukaryotes examined and are also found 
in the ER of higher eukaryotes. Although no organellar species have yet 
been found, an E. coli homolog, HtpG, shares ^-40% amino-acid identity 
with the eukaryotic proteins (Figure 2). HtpG is a moderately abundant 
protein at normal temperatures and is strongly induced by heat, yet deletion 
of the gene has no effect on growth at normal temperatures and produces 
only a veiry subtle reduction in growth at high temperatures (10). In the 
yeast 5. cerevisiae, on the other hand, hsp90 proteins are essential at all 
temperatures, indicating that the eukaryotic proteins, which differ from the 
prokaryotic protein not only by general sequence divergence but also by 
large sequence insertions, have acquired novel, vital functions (22). 

Hsp90 proteins from a variety of sources reportedly bind ATP (44) and 
have peptide-stimulated ATPase activities (179). A puzzling aspect of this 
work is that hsp90 proteins purified from different sources have very different 
levels of ATPase activity. Moreover, although hsp90 proteins contain a 
sequence that weakly matches an ATP-binding consensus sequence (44), 
site-directed mutagenesis of this region has no detectable effect on hsp90 
functions in vivo (S Bohen & K Yamamoto, personal communication). The 
fact that hsp90 proteins copurify with kinases, in some cases through many 
steps of purification (175), makes a more detailed analysis of hsp90 
ATP-binding functions imperative. 

HSP90 FUNCTIONS AT NORMAL TEMPERATURES Members of the hfip90 family 
interact with many other cellular proteins, including casein kinase II (175), 
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the heme-regulatcd eIF-2a kinase (213), several steroid hormone receptors 
(206), oncogenic tyrosine kinases (25), calmodulin (172), actin (174, 187), 
and tubulin (67, 210). In vitro, hsp90 functions as a general chaperone, 
although its effects are extremely modest compared to those of hsp60. When 
denatured citrate synthase is diluted into physiological buffer, hsp90 in- 
creases the yield of active enzyme threefold and, in similar experiments, 
enhances the restoration of binding activity in antibody Fab fragments 
1.5-fold (279). It is not clear whether these modest effects are due to a 
requirement for other proteins (i.e. hsp70 and peptidyl prolyl isomerases) 
or to an inherent specificity in hsp90 that normally restricts its functions to 
certain types of target proteins. (Both issues are addressed below.) The in 
vitro analysis of casein kinase 11, a protein for which there is some evidence 
for an interaction with hsp90 in vivo, provides stronger evidence for a 
chaperone function of hsp90 (175). In this case, hsp90 prevents aggregation 
of the kinase, promotes disaggregation of previously aggregated kinase, and 
enhances the activity of the kinase more than twentyfold. 

Although hsp90 interacts with a wide variety of proteins, it displays a 
high level of discrimination in these associations. For example, it forms 
stable complexes with several steroid receptors, including the estrogen, 
progesterone, androgen, glucocorticoid, and dioxin receptors of vertebrate 
cells (206, 207, 239), and the antheridiol receptor of the fungus Achlya 
ambisexualis (27), but not with other members of the steroid receptor 
superfamily, such as the retinoic acid receptors and the thyroid hormone 
receptors (206, 239). Similarly, it interacts strongly with several different 
oncogenic members of the src kinase family, but interacts weakly, if at all, 
with their cellular homologs (25). The nature of this discrimination is 
unclear. 

In vitro and in vivo analyses of the interaction between hsp90 and these 
two very different types of target proteins, steroid receptors, and src kinases, 
offer complementary views of hsp90 function. In vino, steroid receptors 
that complex with hsp90 are unable to bind DNA unless this association is 
disrupted either by hormone or by a change in pH, salt, temperature, or 
metal ion chelation (206, 207). Similarly, newly synthesized src kinases 
are inactive while associated with hsp90 and are only activated when they 
insert into the membrane and lose this association (25). While these 
experiments suggest that hsp90 represses both proteins, genetic analyses 
suggest that it activates them. Mutations that reduce the level of hsp90 
reduce both the level of hormone-activated, receptor-mediated transcription 
(203) and of src-mediated tyrosine phosphorylation (281). The picture that 
emerges from these seemingly disparate results is that hsp90 helps the steroid 
receptors and the oncogenic tyrosine kinases assume an activation-competent 
conformation, but they remain inactive as long as hsp90 stays associated 
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with them. Thus, two characteristics appear to distinguish hsp90 from the 
other abundant hsp chaperones, hsp70 and hspoO. First, hsp90 displays a 
high specificity in associating with particular target proteins. Second, the 
interactions between hsp90 and at least some target proteins are long-lived 
and have acquired important regulatory features. 

A detailed, mechanistic description of hsp90 functions with steroid recep- 
tors and oncogenic kinases is not yet possible, primarily because reconsti- 
tution of hsp90/substrate complexes from purified components has not yet 
been achieved. Salt-disrupted complexes have been reconstituted in reticu- 
locyte lysates, however 012, 225, 238), with results that suggest that 
association of hsp90 and its target proteins requires hsp70 and ATP. Gentle 
fractionation methods have also helped to identify additional components of 
hsp90/substrate complexes (179, 238, 254). Some of these proteins are of 
unknown function, but others have been identified as prolyl isomerases 
(described below), raising the intriguing possibility that this group of proteins 
collaborates with hsp70 and hsp90 to promote protein folding. 

HSP90 FUNCTIONS IN STRESS TOLERANCE Genetic analysis in S. cerevisiae 
demonstrates that the quantity of hsp90 required for growth increases as the 
temperature increases, such that 20- to 30-fold more protein is required for 
growth at 39°C than at 25°C (22; L Arv/ood & S Lindquist, unpublished 
results). While hsp90 plays a key role in helping cells cope with the stress 
of growth at moderately high temperatures, its importance in helping cells 
survive extreme temperatures is less clear. Hsp90 is the only protein whose 
expression is noticeably increased in a particular temperature-resistant Chi- 
nese hamster ovary line (283). Also, mammalian cells with reduced hsp90 
concentrations (due to antisense RNA expression) are killed somewhat more 
rapidly than wild-type cells at extreme temperatures (9). In yeast, however, 
mutational analysis in two different laboratories indicates that the protein is 
not required for tolerance to extreme temperatures (22, 124). 

The Small Hsps 

CONSERVATION AND STRUCTURE Of the major hsp families, the small hsps 
(smhsps) are the least conserved (Figure 2) and the most elusive in function. 
The proteins vary greatly in size (from 12 kd to 40 kd) and amino-acid 
composition. Nevertheless, they constitute a distinct family that includes the 
a-crystallin proteins of the vertebrate eye, and can be recognized by (a) 
limited amino-acid identity (-15-20%), (b) similar hydropathy profiles, (c) 
a conserved hydrophobic sequence element in the C-terminal region, (d) a 
distinct oligomeric structure that sediments on sucrose gradients at 15-20S, 
and (e) induction by heat and a variety of developmental signals (6, 149). 
The smhsps are found in prokaryotes (mycobacteria) and in the eukaryotic 
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cytosol. They are particularly abundant in plants, which also encode smhsps 
that are targeted to the endomembrane system and to chloroplasts (for review, 
see (266)). The conservation of these proteins across prokaryotic and eu- 
karyotic kingdoms and in different eukaryotic compartments strongly suggests 
an important cellular function. 

The cytosolic smhsp proteins show a complex and baffling pattern of 
relocalization in response to heat and a variety of other stimuli (6, 188, 
214). In both plants and mammals, under conditions where the proteins 
are particularly abundant, the 15-20S particles coalesce to form much 
larger structures (called heat-shock granules), in response to extreme stress. 
It is not clear whether granules are the functional form of the protein or 
are merely aberrant aggregates (6, 188). Reports of associations of smhsps 
with cellular RNAs, photosystem 11 components, and other cellular factors 
have been the subjects of similar controversy (149, 188, 266). The smhsps 
are phosphorylated in response to heat and a wide variety of other stimuli, 
and it has been suggested that they function in signal transduction pathways 
(132, 166) although the evidence to support this role is still very 
preliminary. 

SMHSP FUNCTIONS AT NORMAL TEMPERATURES One of the most interesting 
recent developments in the biochemical analysis of the smhsps is that they 
display elements of chaperone function in vitro. In one study, mouse hsp25 
completely suppressed the heat-induced aggregation of native (3L-crystallin 
at 58°C and of native a-glucosidase at 49°C, at a molar ratio of 1:20 and 
1:10 (hsp:substrate) (169). In another study, mouse hsp25, human hsp27, 
and a-crystallin all prevented the heat-induced aggregation of citrate synthase 
and a-glucosidase at stoichiometric concentrations and promoted the renatura- 
tion of these proteins after denaturation in urea (113). In neither study, 
however, was the formation of a stable binary complex between the smhsps 
and the substrate proteins reported. Moreover, in contrast with hsp70 and 
hsp60 chaperoning activities, the chaperoning activities of the smhsps were 
independent of ATP. The smhsps of avian cells also have dramatic effects 
on actin polymerization, reducing the low-shear viscosity of F-actin solutions, 
raising the critical concentration for polymerization in vitro, and disassem- 
bling previously assembled F-actin (173). 

SMHSP FUNCTIONS IN STRESS TOLERANCE Genetic analysis of smhsp function 
gives very different results in mammals and yeast. Hyperthermic selection 
of mutagenized Chinese hamster ovary cells produced a family of the- 
rmotolerant ceil lines in which the only detectable change in protein synthesis 
was the overproduction of hsp27 (38). More convincingly, transfection of 
naive CHO cells with constitutive hsp25 genes conferred constitutive the- 
rmotolerance, and transfection with metallothionein-rtgulBied hsp27 genes 



conferred metal-regulated thermotolerance (133, 139). Similarly, overexpres- 
sion of af3-crystallin in mouse NIH 3T3 cells rendered these cells ther- 
moresistant (5a). To investigate the nature of this protection, several toxic 
effects of heat shock were examined in thermoresistant CHO cells. Heat 
treatments disrupted protein synthesis, RNA synthesis, rRNA processing, 
and protein degradation to a similar extent in thermoresistant hsp27 trans- 
formants and wild-type cells (132). However, in the transformants the 
microfilament (actin) network was dramatically protected from disruption by 
heat shock (139). It is not clear how microfilament protection in vivo relates 
to the effects of smhsps on actin polymerization in vitro, but the fact that 
two very different approaches point to the same potential substrate suggests 
a role for smhsps in microfilament dynamics. 

Yeast cells contain only one major smhsp, Hsp26 (200, 251, 262). 
Overexpression of this protein provides, at best, only an extremely subtle 
increase in thermotolerance (251, 262). More importantly, deletions of this 
gene have no effect on (a) growth at any temperature on a variety of carbon 
sources, under aerobic or anaerobic conditions, (b) tolerance to extreme 
temperatures or ethanol in logarithmic and stationary-phase cells, and (c) spore 
morphogenesis, viability, germination, or thermotolerance (200; J Taulien, M 
Schlesinger, & S Lindquist, unpublished). Since the yeast hspiOO protein plays 
such a dominant role in thermotolerance (below), deletions of the HSP26 gene 
were introduced into an hsp!04 mutant background. They had no effect on basal 
or induced thermotolerance (219). Only when cells carry multiple mutations in 
the HSPI04 gene and in ail three heat-inducible hsp70 genes (SSA1, SSA3, and 
SSA4 ) does deletion of HSP26 reduce survival at high temperatures. Even here, 
tolerance is reduced only a few fold (J Taulien & S Lindquist, unpublished). 
Thus, while the smhsps may play an important role in thermotolerance in 
mammalian cells, they play only a minor role in yeast. 

HSPS WITH UNKNOWN TOLERANCE FUNCTIONS 

Peptidyl Prolyl Cis-trans Isomerases (PPIs) 

Several peptidyl prolyl isomerases (PPIs) have recently been identified as 
hsps in widely divergent species. PPIs are distinguished from other hsps in 
that they act as true catalysts of protein folding. In native proteins most 
peptide bonds exist in the trans configuration. Xaa-Proline bonds are a 
frequent exception because the unique structure of proline relieves normal 
steric constraints and permits isomerization. The trans configuration is 
produced during protein synthesis, but, in proteins with known structure, 
~ 60% have at least one prolyl bond in the cis configuration (245). 
Establishing the cis configuration of specific prolyl bonds is a rate- limiting 
step in folding for many proteins in vitro (226). While isomerization is 
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constrained by structure in folded proteins, as long as proteins remain 
unfolded, prolyl bonds will tsomerize at 25°C with rate constants of a few 
minutes. If, as seems likely, spontaneous isomerization can occur while 
proteins are bound to chaperones, catalysis of isomerization from the cis 
configuration back to the trans configuration may be equally important in 
protein folding in vivo. 

Two structurally unrelated families of proteins, the cyclophilins and the 
FK506 Binding Proteins (FKBPs), catalyze Xaa-Pro isomerization (reviewed 
in (101, 227)). The two families are named for the immunosuppressive 
drugs that inhibit their activities, cyclosporin A (CsA) and FK506, respec- 
tively. These PPIs are abundant, ubiquitous, and conserved in bacteria and 
eukaryotes. Moreover, in eukaryotes, members of both families are found 
in a variety of cellular compartments, including the cytosol, the ER ? and 
mitochondria. Their distribution and conservation suggest that catalysis of 
prolyl isomerization is of vital importance in vivo. Biochemical and genetic 
support of this hypothesis, however, is still limited. 

The immunosuppressive activities of CsA and FK506 initially suggested 
that Xaa-Pro isomerization plays a crucial role in the activation of T cells 
and structural studies suggested that both drugs inhibit PPI activity by 
mimicking a transition state in prolyl isomerization. However, immuno- 
suppression is achieved at l/10th the drug concentration required to inhibit 
PPI activity in the cell (14). Moreover, certain drug analogs that inhibit PPI 
activity are not immunosuppressive (15, 236). According to current models, 
PPI inhibition is irrelevant to immunosuppression. Rather, a composite 
surface created by the drug-enzyme complex provides a gain of function, a 
high-affinity binding site for the protein kinase calcineurin. It is the binding 
of calcineurin to this complex that is responsible for immunosuppression 
(101, 227). 

The best evidence for the general physiological importance of prolyl 
isomerization comes from studies of proteins matured in the ER. In cultured 
fibroblasts, the addition of CsA inhibits the assembly of collagen triple 
helices (244). Collagens are rich in hydroxy-proline and it is envisioned that 
spontaneous isomerizations occurring during the relatively long period these 
proteins spend bound to chaperones in the ER necessitate re-isomerization 
prior to assembly. CsA also inhibits the folding of transferrin, perhaps for 
the same reason (154). In Drosophila, the ninaA protein is a tissue-specific 
intermembrane cyclophilin localized in the ER of photoreceptor cells. Mu- 
tations in ninaA cause defects in the production of Rhl and Rh2, rhodopsins 
that share several conserved proline residues, but not in Rh3, which does 
not share these residues (243). 

Surprisingly, yeast cells carrying multiple mutations in •cyclophilins and 
in one FKBP grow, mate, and sporulate normally at 30°C (102, 163). It 
may be that PPI activity is not essential in yeast. Indeed, PPIs are not 
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required for folding in vitro, but simply enhance the rate at which folding 
occurs (63, 226). Alternatively, a high level of redundancy in yeast may 
cover the loss of even several proteins. At least one other cyclophilin gene 
and three other FKBP genes are known in yeast (101; J Thorner, personal 
communication) . 

The yeast mutations do, however, support the importance of PPIs during 
exposure to stress. A mutation in the mitochondrial cyclophilin encoded by 
CPR3 cannot grow on lactose at 37°C (45). Two other PPIs, the cytoplasmic 
cyclophilin encoded by CYP1, and the ER cyclophilin encoded by CYP2, 
are inducible by heat. Mutations in either or both of these proteins cause 
cells to die five times more rapidly than wild-type cells at 48°C (252). 
Critical substrates for these proteins have not yet been identified. 

An important recent discovery is that PPIs are present in complexes with 
two other hsps, hsp70 and hsp90, together with a variety of steroid hormone 
receptors (179, 254, 255). The FKBP found in these complexes is heat-in- 
ducible and is therefore co-regulated with hsp90 and hsp70. (Recall that the 
FKBPs. are an entirely different family of PPIs from the cyclophilins, 
characterized as heat- inducible in yeast, strengthening the relationship be- 
tween PPIs and heat tolerance.) The addition of FK506 potentiates the 
induction of glucocorticoid receptor at low hormone concentrations in cul- 
tured cells (186). It is tempting to speculate that the function of PPIs in 
these complexes is related to the unusual character of hsp90/target protein 
associations. That is, spontaneous prolyl isomerizations may occur in target 
proteins while they are bound to hsp90 for extended periods. The speculation 
can be extended to provide a possible explanation for the importance of 
PPIs during exposure to extreme temperatures, a circumstance in which 
unfolded substrates are likely to associate with chaperone proteins for 
extended periods. 

To date, however, there is no direct evidence that any of these mutant 
phenotypes or drug effects are due to the loss of prolyl isomerase activity. 
The surprising finding that the immunosuppressive functions of CsA and 
FK506 are not due to the inhibition of isomerase activity counsels cautious 
interpretation. Moreover, cyclophilin exhibits a modest chaperone activity 
with carbonic anhydrase (reducing aggregation during folding in vitro) that 
is separable from its prolyl isomerase activity (69) and may play a role in 
folding in vivo. Site-directed mutations that block prolyl isomerase activity 
(based on the known structures of FKBPs and cyclophilins) offer an important 
tool for future investigations (290). 

HsplOO 

THE HSPioo PROTEINS As discussed above (in the Clp protease section), the 
E. colt ClpA and ClpB proteins and the eukaryotic hsplOO proteins are 



members of a highly conserved protein family. The heat-inducible members 
of this family from yeast, plants, and bacteria have higher homology with 
each other than with the constitutive members of the family, suggesting that 
they share a conserved heat-related function (92, 241; E Vieriing, personal 
communication). Genetic analysis of the heat-inducible family members from 
the yeast S. cerevisiae and the bacterium £. coli confirm this prediction. 

HSP100 FUNCTIONS IN STRESS TOLERANCE When yeast cells grown at 25°C 
are pretreated at 37°C to induce tolerance, they survive exposure to 50°C 
1000- to 10,000-fold better than non pretreated cells. Cells carrying muta- 
tions in the HSP104 gene also display increased tolerance, but it is very 
transient. Within a few minutes of exposure to 50°C, mutant cells begin to 
die at 100 to 1000 times the rate of wild-type cells (218). Hspl04 is 
specialized to function under extreme conditions. The mutations have no 
effect on growth on glucose at either low (25°C) or high (39°C) tempera- 
tures. At lower killing temperatures (e.g. 44°C), where cells die much more 
slowly, the Hspl04 protein is less important for tolerance. Here, mutant 
cells die at ten times the rate of wild-type cells (220). Like hsp!04 
mutations, mutations in the heat-inducible E. coli gene. clpB, have no 
effect on growth at normal temperatures, but cause cells to die more rapidly 
than wild- type cells at extreme temperatures (242). Thus, the tolerance 
functions of the heat-inducible members of this protein family have been 
conserved. 

As described earlier, hsps are induced by a wide variety of toxic condi- 
tions, and the hsplOO proteins are no exception. However, the importance 
of Hspl04 in providing tolerance under different stress conditions varies 
dramatically. Mutations in the HSP104 gene have no effect on survival 
during exposure to copper and cadmium, and have only a minor detrimental 
effect on survival during exposure to arsenite (220). This suggests that the 
damage caused by these agents is fundamentally different from the damage 
caused by heat. Either the Hspl04 protein cannot repair this damage or, if 
it can, other proteins must be capable of repairing it in the absence of 
Hspl04. The Hspl04 protein does, however, play a major role in the 
tolerance of yeast cells to ethanol. As is the case with heat, this function 
is most apparent under extreme conditions. The hsp!04 mutation reduces 
tolerance to 20% ethanol by 1000-fold, but reduces tolerance to 15% ethanol 
by only a few fold (220). 

To date, the biochemical function of hsplOO proteins is unknown. Electron 
micrographs of mutant and wild-type yeast ceils exposed to high temperatures 
reveal the accumulation of large aggregates in the mutant cells, just prior 
to killing (A Kowai, Y Sanchez, DA Parsell, & S Lindquist, unpublished). 
It seems likely that this damage is responsible for the death of the mutant 
cells. However, it is not clear whether the Hspl04 protein normally functions 
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to prevent these aggregates from forming or to dissolve them ones they 
have formed. As discussed above, a constitutive member of the family, the 
E. coli ClpA protein, functions as a regulator of the ClpP protease (117), 
but attempts to discern a proteolytic function for the heat-inducible members 
of the family have failed to date (197, 280). 

Genetic analysis of the relationship between hsp70 and Hspl04 provides 
a clue to Hspl04 function (219). The phenotypes of Hspl04 and hsp70 
mutants initially provided no indication of related functions. The hspl04 
mutations have no effect on growth, but drastically reduce survival at extreme 
temperatures. On the other hand, mutations in the heat-inducible yeast hsp70 
genes SSA1, SSA3, and SSA4, do not reduce survival at extreme temper- 
atures', but prevent growth at 37°C. Removing HSP104, however, uncovers 
a function for the hsp70 proteins in tolerance. In the hsp!04 mutant strain, 
ssal, ssa3, and ssa4, mutations eliminate most of the residual thermotoler- 
ance that is observed in the first few minutes of exposure to 50°C. 
Furthermore, overexpression of hsp70 increases tolerance in hspl04 cells, 
partially compensating for the loss of Hspl04. Conversely, mutations m the 
constirutively expressed hsp70 genes, ssal and ssa2, uncover a function for 
HsplCW in srowth. The ssalssa2 mutant overexpresses Hspl04 at normal 
temperatures, and mutation of hspl04 in this background dramatically 
reduces the rate of growth. Thus, the Hspl04 protein partially compensates 
for reduced levels of hsp70 in growth, and the hsp70 proteins partially 
compensate for hspl04 in thermotolerance (219). These results strongly 
suggest that Hsp70 and Hspl04 are functioning on the same pathway or on 
parallel pathways that partially overlap. The Hspl04 protein may promote 
the proteolysis of damaged proteins that are not salvagable by hsp70. 
Alternatively, HsplCW might serve as a molecular chaperone, binding to 
damaged proteins and promoting refolding. As discussed above, chaperone 
functions of many hsps may overlap with their proteolytic functions. 

CONCLUDING REMARKS 

The role hsps play in protecting cells and organisms from stress is complex. 
Broadly defined, hsps prevent the accumulation of aberrant proteins gener- 
ated as a result of exposure to high temperatures or other forms of stress. 
As we have discussed", a large body of evidence points to two general ways 
in which hsps perform this function. First, certain hsps enhance the flow 
of substrates through proteolytic pathways known to degrade structurally 
aberrant proteins. A subset of these hsps are themselves proteases, others 
are auxiliary components involved in substrate recognition, and the precise 
role of others is still undefined. Second, hsps function as molecular chap- 
erones, preventing aggregation and restoring the native structures and ac- 
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tivities of their substrates. These chaperone functions depend upon ihe ability 
of hsps to bind to determinants, normally buried within the native structures 
of proteins, that become exposed when these proteins are damaged by stress. 
Even within the same general class (i.e. chaperones), the roles of different 
proteins in stress tolerance varies dramatically among organisms. 

The relative importance of refolding and degradation in the cellular 
response to stress is a major unresolved issue. While mutations in many 
hsps with known chaperone functions have severe effects on growth and 
viability, the effects of mutations in proteolytic components are often much 
more subtle. For example, in E. coli, strains carrying a deletion of dnaK 
grow poorly at 30°C and not at all at high (40°C) and low (11-16°C) 
temperatures. However, strains carrying Ion and clpP mutations are neither 
temperature-sensitive for growth nor less thennotolerant than wild- type cells. 
These differences in stress phenotypes might indicate that degradation, in 
general, plays a smaller role in coping with damaged proteins after a heat 
stress. 

Another possibility is that proteins denatured by heat are degraded by 
other proteases. Work has focused on Lon and Gp because these proteases 
are heat-inducible and because they are the major proteases responsible for 
the degradation of amino-acid analog-containing proteins. Amino-acid ana- 
logs (e.g. canavanine) cause misfolding of newly synthesized proteins when 
they are incorporated in place of natural amino acids (e.g. arginine), and 
are considered a good model for stress-damaged proteins, in part, because 
they are strong inducers of hsps. However, the large defect in the degradation 
of analog-containing proteins in Lon and Clp mutants contrasts sharply with 
the absence of heat-related phenotypes. Perhaps heat-damaged proteins are 
different enough in "appearance" from analog-containing proteins that they 
are efficiently degraded by other proteases, dampening the manifestation of 
stress-related phenotypes of the lon and dp mutations. 

Clearly, cells do respond to stress by increasing their degradative activities, 
and it is therefore reasonable to expect these activities to be directed at 
eliminating stress-damaged proteins. Furthermore, as we have discussed, 
there are some cases in which mutations in heat-inducible proteolytic 
components do result in stress-sensitive phenotypes. An important problem 
for future study is to understand how frequendy cells exercise their option 
to degrade damaged proteins, rather than to salvage them, after they are 
stressed. 

From an energy standpoint, the choice to degrade a stress-damaged 
protein, rather than to refold it, is an expensive one. Not only is the energy 
used to synthesize the protein lost (1 ATP and 3 GTP molecules per peptide 
bond (272)), but additional energy must be employed for its degradation. 
The vast majority of intracellular proteolysis is ATP-dependent. Lon, for 
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example utilizes four molecules of ATP per peptide bond cleaved (for 
review, see (158)). Additional energy is required in eukaryotic systems by 
enzymes involved in targeting substrates for turnover. On the other hand, 
salvaging a stress-damaged protein expends a relatively small amount of 
energy. GroEL, for example, utilizes 130 molecules of ATP per molecule 
of rhodanese salvaged (157). Renaturing a stress-damaged protein saves the 
large energetic cost of degrading and resynthesizing it. It makes sense then 
that cells would salvage stress-damaged proteins when possible. Understand- 
ing how a cell determines the level or type of damage that warrants 
degradation rather than salvage is a question for future investigation. 

Organisms appear to respond to different levels of stress by employing 
the activities of different heat-shock proteins. £. coli and 5. cerevisiae 
require increased expression of hsp70 for growth at temperatures near the 
upper end of their normal ranges. Somewhat more severe conditions, such 
as chronic exposure to temperatures just beyond the upper limit of the 
normal growth range, require the activities of different proteins (i.e. ubiquitin 
in 5. cerevisiae). The most extreme stresses, such as brief exposure to very 
high temperatures or high concentrations of ethanol, require still other 
proteins. To survive extreme conditions, both E. coli and S. cerevisiae 
require hsplOO proteins. Thus, hsps appear to be specialized in such a way 
that organisms can appropriately respond to a particular level of stress. 

Hsps also appear to be specialized to respond to damage from different 
types of stress. Consider the response of S. cerevisiae to various conditions 
of extreme stress. The Hspl04 protein is crucial for tolerance to high 
temperatures and high concentration of ethanol, moderately important for 
tolerance to arsenite to lower temperatures, and to lower concentrations of 
ethanol, but of no importance at all for tolerance to copper and cadmium 
(220). The stress- inducible E2 enzymes appear to be similarily specialized. 
Ubc4 and Ubc5 play important roles in tolerance to both heat and cadmium, 
while the effect of Ubc7 is limited to cadmium tolerance (116). Under- 
standing how hsps differentially recognize substrates damaged by various 
types of stress is crucial for understanding how hsps function to provide 
stress tolerance. 

One of the most perplexing aspects of hsp function in tolerance is that 
different organisms employ different hsps in response to what would appear 
to be similar levels of stress. For example, hsp70 is very important for 
tolerance to killing temperatures in mammals and Drosophila, whereas it 
plays only a minor role in yeast and E. coli. Similarly, members of the 
hsp 100 family are very important for surviving extreme stress in yeast, 
somewhat important in E. coli, perhaps important in mammals* but appar- 
ently not important at all in Drosophila. In fact, Drosophila does not even 
synthesize a hsplOO protein in response to heat shock. Finally, small hsps 
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promote stress tolerance in mammalian cells, but appear to have little or 
no effect on tolerance in yeast. Detailed biochemical knowledge of hsp 
function needs to be integrated with an understanding of the unique phys- 
iology of particular organisms. 

The diversity of hsps employed in stress tolerance may reflect the different 
sensitivities of different targets to damage in different organisms. Evidence 
suggests that nascent chains and folding intermediates of newly synthesized 
proteins are much more prone to aggregation than proteins that have already 
achieved their native conformations. Thus, the degree to which normal 
protein synthesis is repressed in an organism undergoing a heat stress might 
shift the balance in tolerance functions from one hsp to another. Indeed, 
organisms differ dramatically in this respect. In logarithmically growing £. 
coli cells, which double their mass every 20 minutes, a substantial fraction 
of total protein will be present as nascent chains and folding intermediates. 
£. coli cells do not strongly repress normal protein synthesis with standard 
heat shock, and, given the sensitivity of nascent chains and folding inter- 
mediates to heat, newly synthesized proteins may represent the major target 
of heat damage in £. colL In Drosophila cells, however, the synthesis of 
constitutive proteins is virtually eliminated during heat shock. Therefore, 
pre-existing proteins or other cellular components must be the main target 
of heat damage in this organism. Thus, the lethal lesions incurred during 
stress by E. coli and Drosophila are probably different and might best be 
repaired by different hsps. 

Another major difference between organisms is the basis of cellular 
architecture. Hsps may play specialized roles in different cell types in 
protecting large structural complexes from disruption by stress. In certain 
mammalian cells, for example, one major effect of heat shock is the collapse 
of the cytoskeletal network. Cells that overexpress small hsps, however, 
are much less susceptible to this collapse, suggesting that smhsps may 
function in stress tolerance by preserving the integrity of microfilament 
structures during stress. It is interesting that in yeast, where smhsps are not 
especially important for tolerance, microfilament networks are much less 
elaborate, and the defining feature for cell shape is the cell wall. 

In other cases, metabolic constraints may dictate which hsps will be 
employed for tolerance in a given organism. In S. cerevisiae, hspl04 mutants 
have a subtle but surprising phenotype: under conditions of respiratory 
metabolism, they grow slightly faster than wild-type cells (220). If hsplOO 
proteins are slightly deleterious to respiring cells, in an organism like 
Drosophila, where a large percentage of total mass is devoted to flight 
muscle, this might provide evolutionary pressure to find another avenue to 
stress tolerance. The solution, apparently, has been to amplify hsp70 genes 
and to evolve a complex series of regulatory mechanisms that allow an 
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enormous induction of hsp70 in response to stress. That hsp70 has the 
ability to fulfill such a role, even in yeast, is demonstrated by the fact that 
overexpression of hspTO partially compensates for the loss of Hspl04 in 
thermotolerance (219). With different levels of various hsps, organisms 
apparently achieve a balance of activities ideally suited to their own normal 
physiological states and to the types of stress conditions to which they are 
subject. 

Finally, while this review has stressed the function of heat-inducible 
proteins in the cellular response to stress, it is important to remember that 
many other factors also are likely to play a role in stress tolerance. Trehalose, 
for example, is a disaccharide whose accumulation in S. cerevisiae closely 
parallels acquisition of a stress- tolerant state. It is possible that trehalose 
directly promotes the reactivation of stress-damaged proteins. In vitro studies 
show that labile enzymes dried in the presence of trehalose can be recon- 
stituted after prolonged storage with no loss of activity and can withstand 
exposure to extreme heat (39). 

Other small molecules like glycerol, betaine, and proline accumulate in 
various organisms under stress-tolerant conditions and may play a similar 
role. These molecules function as osmolytes, protecting organisms from 
"water stress", (i.e. changing salinity, dessication, or freezing) (284). 
Surprisingly, cartilaginous marine fishes accumulate urea in their blood and 
cells to a concentration of 400 mM. The proteins of these organisms are 
as susceptible to unfolding by urea as are proteins of other organisms, and 
how they remain active in its presence was a puzzle. These organisms also 
accumulate methylamines like trimethylamine-N-oxide (TMAO), betaine, 
and sarcosine, which act to counter the effects of urea (reviewed in (284)), 
resolving the puzzle. In fact, in vitro studies show that these molecules 
counter the deleterious effects of urea on the activities of several enzymes 
and, by themselves, increase the melting temperature of ribonuclease. It is 
not yet clear whether these small molecules stabilize protein structures by 
interacting with them directly or by affecting the solvent properties of nearby 
water molecules (284). Whatever the mechanism, it is likely that small 
organic molecules and inorganic ions'play an important role in protecting 
cellular proteins that become denatured during conditions of stress. 

Posttranslational modification might play an equally important role in 
preventing protein aggregation and promoting proper folding. As discussed 
above, hsp70 and hsp60 proteins are very important for the folding of 
proteins in bacteria, mitochondria, and chloroplasts. Related proteins (hsc70 
and TRiQ are important in the eukaryotic cytosol. Proteins related to hsp70 
are present in the ER and are required for protein translocation into that 
compartment. Strangely, however, no hsp60 family member has been 
localized to the ER/Golgi compartment. Proteins in this compartment are 
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characterized by two posttranslational modifications that are rare in other 
compartments, glycosylation and disulfide bond formation. It has been 
suggested that glycosylation protects ER proteins from aggregation, in effect, 
mimicking the action of a protein chaperone (120, 121). Similarly, many 
in vitro studies show that disulfide bonds stabilize protein structures to high 
temperatures, and might obviate the need for molecular chaperones. Another 
possibility is that non heat-inducible proteins function as chaperones in the 
ER and Golgi (189a). 

Attempts to understand precisely how hsps function at high temperatures 
are stymied by how little we know about the physical characteristics of 
stress-damaged proteins (50). Do these proteins expose extended stretches 
of unstructured polypeptide chain or are their structures more compact? To 
what extent are intracellular stress-damaged proteins aggregated? These 
become central questions now that the biochemical activities of many hsps 
are being studied in vitro. The answers to these questions will aid the design 
of experiments to investigate the physiologically relevant functions of hsps 
in stress tolerance. Chaperones and proteases might act purely to prevent 
the formation of protein aggregates or they might act to dissolve them. 
Preliminary data suggest that cells can reactivate some proteins even once 
they have formed massive aggregates. When Xenopus vimentin was ex- 
pressed in mammalian cells at 37°C, it aggregated into large structures that 
were easily visible by electron microscopy (107). Yet, when these ceils 
were shifted to 28°C, the vimentin was seen to spool out from the aggregates 
and to begin to form normal-looking vimentin filaments. Even among the 
set of heat-damaged aggregated proteins that are renatured, there may exist 
differences in structure that influence the activities of the chaperones that 
repair them. 

Nature has discovered many different ways to meet the challenge of a 
changing environment. Over the last five to six years, we have learned a 
great deal about the biochemical activities of hsps, their interactions with 
each other, and with their targets. The next challenge will be to place this 
knowledge within the physiological context of particular types of cells and 
specific organisms. 
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